In this paper we demonstrate the existence of a cytoplasmic processing step, never before described, involving both the pre-ribosomal subunits in the sea urchin Paracentrotus lividus. Northern-blot hybridization, primer extension, S1 mapping experiments and in situ hybridizations allowed us to demonstrate that cytoplasmic processed particles are successively re-imported into the nucleus where maturation of their RNAs is completed prior to being exported to the cytoplasm. Our findings lead to the proposal of a new model of ribosome maturation and shuttling.
Introduction
Ribosome building in eukaryotes involves both processing of pre-ribosomal RNA (pre-rRNA) and sequential assembly of numerous different ribosomal proteins (RP) on a primary rRNA precursor molecule. Ribosomal maturation requires a large number of ancillary proteins and small RNAs. These ancillary molecules associate and dissociate from pre-ribosome and pre-ribosomal subunits during their movement from the nucleolus (the site of primary assembly) via the nucleus, to their final destination in the cytoplasm [1] . Different steps of pre-ribosome maturation have been elucidated in recent years (reviewed in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ), but some intriguing aspects of these processes remain unclear. Among these, two important questions that remain are: (1) why the two ribosomal sub-units have different fates during maturation, and (2) why the different steps in the ribosomal particle maturation occur in different cellular compartments.
The opening events of ribosome biogenesis occur in the nucleolus [4, 8, 12] where a newly synthesized polycistronic rRNA transcript (indicated as 35S in yeast, the organism in which this process has been extensively studied) is complexed with RP to form the 90S pre-ribosome [7, 13] . The 35S rRNA primary precursor is cotranscriptionally processed at 3 0 end by an endonuclease (RntI) [10, 14] which removes a large part of the 3 0 -external transcribed spacer (3 0 -ETS). Afterwards, prerRNA processing proceeds following two different pathways. In one the rRNA primary precursor is simultaneously processed by endonucleolitic cleavages in the A0 and A 1 sites in the 5 0 -external transcribed spacer (5 0 -ETS), producing the mature 18S rRNA 5 0 -end. A further cleavage in A 2 , in the internal transcribed spacer 1 (ITS-1) gives rise to a 20S and a 27S pre-rRNAs belonging to 43S and 66S preribosomal subunits, respectively [7] . The other pathway involves a first endonucleolitic cleavage in A 2 , giving rise to two pre-rRNAs belonging to the 43S and 66S pre-ribosomal subunits. Successive endonucleolitic cleavages in A0 and A 1 lead to the formation of the mature 18S 5 0 -end [15, 16] . A detailed description of these pathways is reported in Figure 4 of [17] .
The resulting pre-subunits undergo different fates: the smaller is exported to the cytoplasm [18] where it is processed into the mature 40S subunit containing the mature 18S rRNA molecule, while the larger is retained in the nucleus where rRNA processing is completed before being exported to the cytoplasm [19] where only minor structural rearrangements occur [20, 21] .
The same overall pathway is thought to be common to all the eukaryotes.
In the sea urchin, the synthesis of ribosome components (rRNAs and RPs) is regulated during early development [22, 23] . An intense synthesis of these components during oogenesis [24] is followed by a silencing of both rRNA and RP genes in the mature egg and, after fertilization, up to the hatching blastula stage. At this stage, transcription of the genes involved in the synthesis of ribosomal components is restored, remaining active almost up to the pluteus larval stage [22] .
An intriguing feature of rRNA processing in this organism is the presence of a 21S pre-rRNA (precursor of 18S mature rRNA), containing the entire ETS region, in the cytoplasm of mature eggs [23, 25] in which both a 28S and a 29S pre-rRNA (precursors of 26S mature rRNA) are also found (pers. obs., unpublished data).
In this paper we demonstrate the presence of a prerRNA processing step in the cytoplasm of the sea urchin Paracentrotus lividus never before described, involving the pre-RNAs of both the pre-40S and the pre-60S ribosomal subunits. Cytoplasmic pre-rRNA cleavages occur in both 21S and 29S pre-rRNAs, giving rise to further rRNA precursors. Cytoplasm-processed pre-ribosomal particles are then re-imported into the nucleus, where maturation of both the subunits (and of the corresponding rRNAs) is completed, prior to being definitively exported to the cytoplasm.
Therefore these findings lead to the proposal of a new pathway of ribosome maturation and shuttling.
Materials and methods
Oocytes, eggs, and embryos of the sea urchin Paracentrotus lividus were collected as described elsewhere [23] . These samples were resuspended in TKM (50 mM TRISHCl pH 7.5; 0.4 M KCl; 18 mM Mg Acetate) and gently homogenized on ice using a dounce.
Nuclei from these samples were isolated and separated from the cytoplasm by centrifugation at 15,000 rpm for 45 min in a Beckman Ultracentrifuge, using an SW28 rotor, loading the homogenate on a layer of 1.8 M sucrose solution. After centrifugation, nuclear fractions were recovered as a visible pellet while cytoplasmic compounds remained in the supernatant.
Nuclear pellets and cytoplasmic supernatants were checked by spot hybridization for the presence of NTS (not transcribed spacer) sequences, to demonstrate both the presence of nuclei in the pellet fractions and the absence of nuclear contaminants in cytoplasmic supernatants (data not shown in this paper).
RNAs were extracted from isolated nuclei using the guanidine isothiocyanate procedure [26] and from cytoplasmic compound using the Trizol (Invitrogen) procedure according to manufacturer's protocol.
To obtain a very selective electrophoretic separation, RNAs were fractionated in denaturing gels [27] using the Voltage Gradient Gel Electrophoresis (VGGE) system [28, 29] , and Northern-blot hybridizations of equal amounts (10 lg) of VGGE-fractionated RNAs were carried out as described elsewhere [30] . Radio-labeled probes used in Northern-blot hybridizations were prepared by PCR amplification [27] of specific rDNA regions, in the presence of labeled deoxy-ribonucleotides.
Primer extension reactions were carried out in the presence of appropriate primers (see Table 1 ) and labeled deoxy-nucleotides using ''SuperScript II Rnase H -Reverse Transcriptase'' (Invitrogen), according to manufacturer's protocol. Primer extension reaction products were fractionated on 12% polyacrylamide denaturing gels [27] as described elsewhere [31] , and exposed on an X-ray film.
S1 mapping experiments were carried out as described elsewhere [23] , using DNA-labeled probes described in detail in Table 1 .
On the basis of the P. lividus rDNA sequence reported elsewhere (EMBL accession number AM981272), the positions of both the probes we used in Northern-blot and S1 mapping analyses and of the oligonucleotides used in primer extension experiments is shown on the top of each figure (see ''Results'') and reported in detail in Table 1 .
In situ hybridizations were carried out in oocytes, eggs and 2/4 blastomeres stage using proper, biotinylated probes, as described elsewhere [32, 33] . Hybridized samples were stained with 300 nM DAPI for 10 min at room temperature. Confocal microscopy was performed with a Zeiss LSM-510 microscope (Carl Zeiss, Oberkochen, Germany) equipped with the same objectives, to confirm co-localization by Z-stack analysis. The acquired images were improved using Adobe Photoshop software (Adobe Systems Incorporated, San Josè, USA).
Results
Based on our previous observations of the presence of both a partially processed 29S and 28S rRNAs (and presumably a pre-60S subunit) and of an ETS-containing 21S rRNA (and presumably a pre-40S subunit) [22, 23] in the cytoplasm of P. lividus, we carried out Northern-blot hybridizations, primer extension and S1 mapping experiments of RNAs extracted separately from the cytoplasm and from nuclei in cells in which rRNA synthesis is active (oocytes and gastrula stage) and inactive (eggs and 2/4 blastomeres stage). Moreover, we carried out in situ hybridizations using confocal analysis to further demonstrate the localization of prerRNA during ribosome maturation.
On the basis of the data reported below, the processing events on 35S primary transcript in the sea urchin Paracentrotus lividus are summarized in Fig. 1 .
Northern-blot hybridization, primer extension, and S1 mapping in ''active'' stages Northern-blotted RNAs extracted from nuclei and cytoplasms of stages in which the synthesis of rRNA is active (oocytes and blastula stage) were hybridized with homologous labeled probes representing the ITS2 and the ETS rDNA regions, respectively. Figure 1 shows the result of this experiment in which, apart from the presence of a nuclear 35S primary precursor in RNAs extracted from the nuclei, identical hybridization patterns were observed both in the nuclei and the cytoplasm of these cells (oocytes and gastrula stage). In particular, partially processed 29S, 28S, and 7S pre-rRNAs both in the nucleus and in the cytoplasm (Fig. 2a, b) , and an ETS-containing 21S pre-rRNA (Fig. 2e, f) were seen.
As the RNAs we used in this experiment were obtained from cells in which ribosomal RNA synthesis is active, the presence of 35S pre-rRNA in the nuclear compounds was expected and represented an internal control showing that there had been no nuclear contamination of the RNAs extracted from the cytoplasm.
Northern data are supported by both primer extension and S1 mapping experiments (Fig. 2c, d, g, h) , carried out on the same templates.
In primer extension analyses, we used an oligonucleotide primer complementary to an rRNA sequence 43 nucleotides downstream to the 5 0 -end of the mature 26S rRNA (Fig. 2c) , and an oligonucleotide primer complementary to a rRNA sequence 64 nucleotides downstream of the 5 0 -end of the mature 18S rRNA (Fig. 2g) . In S1 mapping experiments we used radiolabeled probes (described in Table 1 of ''Materials and methods'') containing the 5 0 end of 29S/28S/26S rRNAs (Fig. 2d) and of the 21SA0/ 21SA'/18S rRNAs (Fig. 2h) , respectively.
Primer extension and S1 mapping data confirm the presence of 5 0 -ends of the same pre-rRNAs we identified in Northern-blot experiments, besides the presence of 5 0 -ends of the 26S (Fig. 2c ) and the 18S (Fig. 2g ) mature rRNAs both in the nuclei and cytoplasm of these cells.
Northern-blot hybridization, primer extension, and S1 mapping in ''inactive'' stages Having previously demonstrated the lack of the synthesis of ribosomal components in P. lividus egg and, after fertilization, in early developmental stages [22, 23] , we carried out the same analysis we had used on ''active'' stages, using the same probes and primers on these cells (Fig. 3) . Northern-blot hybridization experiments carried out on eggs and on 2/4 blastomere stage (Fig. 3a, b, f, g ) confirm the presence in the cytoplasm of P. lividus egg of all the rRNA secondary precursors we had found in ''active'' cells, while demonstrating that both precursors and mature rRNAs are absent from the nucleus of the egg. When we analyze Northern-blot hybridization patterns in the 2/4 blastomeres stage (Fig. 3a, b, f, g ), the existence of a processing step involving the ribonucleic component of both the ribosomal pre-subunits and the consequent re-import of these processed particles into the nucleus is observed.
In the Northern-blot hybridization shown in Fig. 3b , a labeled probe (probe ITS2B) containing the entire ITS2 region and a few nucleotides of the 5.8S coding region was used to map the presence of the 5.8S rRNA.
In this experiment, the presence of both the 29S and the 28S rRNA precursors (other than the 7S and 5.8S rRNAs) in the cytoplasm (Fig. 3b) , corresponds to the presence of only a 28S pre-rRNA (other than the 7S and 5.8S rRNAs) in the nuclear compound (Fig. 3b) , indicating that a cytoplasmic processing step occurs in the 29S Fig. 2 Northern-blot hybridizations (a, b, e, f), primer extensions (c, g), and S1 mapping (d, h) of RNAs extracted from nuclei (nuc) and cytoplasms (cyt) of different P. lividus cells (oocyte and gastrula stages), in which rRNA synthesis is active. Upper images (a-d) show RNAs belonging to the large subunit, whereas lower images (e-h) show RNAs belonging to the small subunit. A map of the probes used in Northern-blot analyses (a, b, e, f) and the DNA fragments obtained in primer extension (c, g) and S1 mapping (d, h) experiments is shown above each image. The relatively weak signals observed in the primer extended 26S and 18S bands (c, g) are a consequence of the small number of labeled nucleotides incorporated in the very short ''extended'' regions belonging to these fragments pre-rRNA, which produces a 28S and a 7S further rRNA precursors, and that only these last ones are re-imported into the nucleus.
Northern-blot analysis performed using the ETS-labeled probe (Fig. 3g) indicates the presence of a 21S rRNA precursor both in the nucleus and in the cytoplasm at this stage.
Primer extension (Fig. 3c, d , h, i) and S1 mapping experiments (Fig. 3e, j) carried out on the same templates used in Northern-blot analyses, both confirm Northern data and indicate that a cytoplasmic processing event also occurs in the 21S pre-rRNA, and that only a shortened, A 0 -processed 21S pre-rRNA (21SA 0 ) is imported into the nucleus (Fig. 3h, i, j) .
In situ hybridizations in both ''active'' and ''inactive'' stages In situ hybridizations (Fig. 4) carried out using the same (biotinylated) probes used in Northern-blot analyses demonstrate the presence of the same pre-ribosomal particles both in the nucleus and in the cytoplasm in the same stages analyzed in the experiments reported above (Figs. 2, 3) . Figure 4 shows the confocal microscopy result of these experiments carried out using the ETS probe (left) and the ITS2A probe (right).
In an ''active stage'' (oocytes), the presence of preribosomal particles both in the nucleus and in the cytoplasm is observed using both the probes (Fig. 4, first row) . In unfertilized, mature eggs (Fig. 4, second row) , the presence of the same pre-ribosomal particles are limited to the cytoplasm, and no hybridization signal is visible in the nucleus of these cells.
As occurred in ''active'' stages, in situ hybridizations carried out on egg and on the 2/4 blastomeres stage, using the ETS and the ITS2A probes, confirm the presence of pre-ribosomal particles in both the cellular compartments.
Moreover, to further demonstrate that the cytoplasmic processing event on the 21S(A0) pre-rRNA removes the A0-A 0 fragment, as indicated by the primer extension and S1 mapping experiments shown in (Fig. 3h, i, j) , and that Fig. 3 The same experiments shown in Fig. 2 were carried out in ''inactive'' stages. Again, a map of the probes used in Northern-blot analyses (a, b, f, g) and the DNA fragments obtained in primer extension (c, d, h, i) and S1 mapping (e, j) experiments are shown. In the Northern-blot hybridization shown in b, a labeled probe containing a few nucleotides of 5.8S rRNA coding sequence (probe ITS2B) was used also, thus mapping the presence of 5.8S mature rRNAs in both the compartments. The relatively weak signals observed in the primer extended 26S and 18S bands (c, d, h, i) are a consequence of the small number of labeled nucleotides incorporated in the very short ''extended'' regions belonging to these fragments only this A 0 -processed pre-rRNA is re-imported into the nucleus, we carried out both Northern-blot and in situ hybridizations, using the A0-A 0 fragment as a probe. Figure 5 shows the result of this analysis, and confirms the previous primer extension and S1 mapping data.
With respect to the 3 0 -end of this shortened 21S prerRNA, RT-PCR experiments (not shown) carried out on total RNA extracted both from the nucleus and the cytoplasm of 2/4 blastomeres stage, using a reverse primer complementary to the 21S(A 2 ) 3 0 -end and a direct primer corresponding to the 3 0 of 18S rRNA coding region, produces an amplified fragment of the same length from RNA of both the compartments, indicating that no cytoplasmic processing event occurs that involves the 3 0 end of this pre-rRNA.
Discussion
The common sea urchin resulted an appropriate system for the study of pre-ribosomal subunit nucleus-cytoplasm maturation and shuttling. In sea urchin, both an abundant synthesis of ribosomes during oogenesis [24] and an almost constant ribosomal RNA content during early development [34, 35] were previously demonstrated. The main peculiarity of the sea urchin with respect to ribosome maturation is the storage of the precursor ribosomal particles in the cytoplasm of mature eggs, when the primary rRNA precursor (35S) synthesis is silenced.
In unfertilized P. lividus eggs, the storage of both mature and precursor ribosomal particles occurs only in cytoplasmic compartment, allowing us to observe the processing steps and the movement of processed molecules after fertilization.
According to our findings a parallel, concerted processing/shuttling events involve both the pre-ribosomal subunits (and their pre-rRNAs), and leads to the pathway described in Fig. 6 .
The first step of this pathway, suggested by the experiments shown in Figs. 2 and 3 , is the export from the nucleus to the cytoplasm of both the pre-40S and pre-60S ribosomal particles. These particles contain a 21S rRNA (A0-ETS region, 18S rRNA sequence and ITS1-A 2 ) and a 29S rRNA (A 2 -ITS1 region, 5.8S rRNA sequence, ITS2, 26S rRNA sequence) respectively (personal, unpublished pre-rRNA mapping data). The RNA compounds of both these pre-subunits undergo a processing event which can be summarized as follows: in the pre-40S subunit, the 21S rRNA (21SA0) is processed in A 0 (a processing site never before described, unless it corresponds to the one described by Rouquette et al. [36] in Hela cells) producing a Fig. 5 Northern-blot hybridization (left) of RNA extracted from nuclei and cytoplasms of the 2/4 blastomere (''inactive'') stage using the A0-A 0 -labeled fragment as a probe. The same (biotinylated) probe was used in in situ hybridization confocal analyses (right) in the ''active'' (oocytes) and the ''inactive'' egg and two blastomere P. lividus stages Fig. 6 The proposed ribosome maturation pathway based on the findings reported in this paper shortened RNA (that we indicated as 21SA 0 ) lacking of the A0-A 0 segment, indistinguishable from the former in Northern-blot analysis but distinguishable by primer extension and S1 mapping (see Fig. 3g, i, j) . In the meantime, the 29S rRNA belonging to the pre-60S subunit is also processed in ITS2 (the C 2 site in Fig. 1 ), giving rise to 28S and 7S pre-rRNAs (see Fig. 3b, d, e) . Following fertilization, only these processed pre-subunits are then re-imported into the nucleus, where their maturation (and the processing of the correspondent rRNAs) is completed at 5
0 -ends, as demonstrated by the presence of mature 26S, 5.8S and 18S rRNAs in the nucleus of sea urchin 2/4 cell embryos (Fig. 3) . Mature particles are then exported to the cytoplasm, probably in the way previously described [37] [38] [39] [40] [41] .
In the unfertilized egg, the presence of both unprocessed and processed RNAs belonging to pre-40S and pre-60S particles is demonstrated, and an arrest of the nuclear importation of the processed particles, active during oogenesis (see Fig. 2 ), is operative, since no ribonucleic compound was found in the nuclear compartment (see Fig. 3 ). At the two blastomeres stage, these processed particles are shown to re-enter the nucleus (Fig. 3) , indicating that there is a releasing mechanism that allows the importation of the cytoplasm-processed pre-ribosomal particles. This mechanism seems to be directly related to the first zygotic division (personal data, not shown in this paper).
The presence of the ribosomal RNA precursors identified by Northern hybridizations, primer extensions and S1 mapping, is also confirmed by confocal microscopy observations (Figs. 4, 5) .
Although we have neither isolated nor characterized any processing factor (and/or machinery), both the presence of processing events in the cytoplasm of P. lividus on the two pre-rRNA and the importation of cytoplasm-processed particles into the nucleus is unquestionable, as well as the subsequent nuclear maturation of the re-imported prerRNAs.
Preliminary data from our laboratory (not shown) suggest that the maturation pathway we propose in this paper (Fig. 6 ) may not be unique to the sea urchin, but a common feature in eukaryotes.
In the light of our findings, both ribosome biogenesis and rRNA processing events should be reinvestigated, and the pre-subunits maturation steps series should be revised according to the concerted processing/shuttling of preribosomal particles we propose here.
